We report on the development of a large-format stressed gallium doped germanium (Ge:Ge) array for the SAFARI instrument planned for the Japanese infrared satellite SPICA. Building on flight proven PACS heritage, the goal of our development is a 32 pixel stressed Ge:Ga module for the wavelength range between 110 and 210 µm, being the building block of a 32 × 32 pixel detector array. The unprecedented size of this array would allow the use of almost all of the 3.8 × 3.8 arcmin field of view available to SAFARI in the SPICA focal plane. Our 32 pixel prototype module features three selectable read-out architectures enabling the evaluation and optimization of the detector performance as well as a two stage multiplexer to distribute the dissipative heat load on the temperature stages provided by the satellite. Thermal modeling has shown that the heat loads are in compliance with the thermal budgets of the SPICA cryogenic system. The ultimate development goal with optimized read-out circuits is an NEP of 1 × 10 −18 W/Hz 1/2 , which presents a factor of 8 improvement in noise performance compared to the PACS stressed Ge:Ga array.
INTRODUCTION

SAFARI
1 is a far-infrared imaging spectrometer and photometer for the wavelength range between ∼34 and 210 µm and is currently under study by a European consortium. The key features of this instrument are a medium resolution (up to R = 2000) Fourier transform spectrometer (FTS) and large scale detector arrays, providing a field of view of at least 2×2 arcmin. SAFARI will be part of the European contribution to the Japanese led Space Infrared telescope for Cosmology and Astrophysics (SPICA 2, 3 ). With its large 3 meter class telescope actively cooled to below 5 K, SPICA provides extremely low infrared background radiation limited only by astronomical sources (predominantly zodiacal emission, but also galactic cirrus and the cosmic microwave background at longer wavelengths). The low background radiation is the key to SPICA's unprecedented sensitivity in the midand far-infrared, but also places enormous demands on the detectors: even with the broad band FTS used in SAFARI, background limited performance requires a detector NEP of better than 2 × 10 −19 W/Hz 1/2 . Four distinctly different detector technologies are currently under evaluation: silicon bolometers, 4 transition edge sensors (TES), 5 kinetic inductance devices (KID) 6 and Ge:Ga based photoconductors. Formal selection of the detector technology to be implemented in the proposed instrument will be carried out end of June this year. Although photoconductors are somewhat limited by their comparatively low quantum efficiency and their slow and non-linear response, they are still a promising candidate in the selection process, because of their extensive flight heritage and high technological readiness. Many infrared space instruments have successfully deployed Ge:Ga photoconductors including among many others: LWS and ISOPhot on ISO (various detectors including: 3 × 3 pixels Ge:Ga, 2 × 2 pixels stressed Ge:Ga), 7, 8 PACS on Herschel (16 × 25 pixels Ge:Ge, 16 × 25 pixels stressed Ge:Ge), 9 and FIS on Akari (up to 20 × 3 pixels monolithic Ge:Ga, up to 15 × 3 pixels stressed Ge:Ga).
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Based on the available photoconductor materials to date the photoconductor working group proposes to cover the wavelength range between ∼45 and 210 µm in two separate bands, using a monolithic Ge:Ga array 11 for the "short" wavelength band between 45 and 110 µm and a stressed Ge:Ga array for the "long" wavelength band between 110 and 210 µm. The development of the monolithic Ge:Ga array for SAFARI is presented in a separate article also in these proceedings.
KEY CHARACTERISTICS
The stressed photoconductor module described here is based directly on the design of the very successful 16 pixel stressed Ge:Ga module of PACS. 13 In PACS a set of 25 modules is used to form the 16×25 pixel, long-wavelength array. For the detector study of the SAFARI project we developed a 32-pixel stressed Ge:Ga prototype module, forming one column in what will, in the final design, be a 32 × 32 pixel detector array. The unprecedented size of the proposed array will allow an instantaneous field of view of 3 × 3 arcmin, assuming Nyquist sampling at the center of the long waveband (160 µm). The modules will be stressed in order to achieve a cut-off wavelength of ∼ 210 µm so the modules can be operated in the required 110 -210 µm wavelength range. The physical dimensions of the individual semiconductor pixels is 1 × 1 × 1.5 mm. The actual pixel size in the focal plane in turn is 3.6 × 3.6 mm and is determined by the details of the arrangements of the individual pixels in the module (see section 3). The total mechanical envelope of the stressed array is 179 × 128 × 85 mm. Each module has a mass of 110 g resulting in a total mass of the entire array of ∼ 3.5 kg. The array will be operated at 1.7 K, with the exception of the multiplexer electronics, which will be operated at 4.5 K. The basic properties of the stressed array is summarized in table 1. As detector sensitivity is the main development driver, the development of ultra low-noise cryogenic read-out electronics is one of the most important goals of the photoconductor program. A research and development program has been initiated with IMEC in Leuven/Belgium in order to investigate the possibilities for optimizing the existing read-out technologies. The design of the read-out chain is discussed in section 4. Figure 1 shows the design of the 32 pixels stressed Ge:Ga prototype module. The module consists of the module body itself, the linear fore-optics (feed horns), two substrates carrying the read-out electronics (CRE substrate) and the multiplexer electronics (MUX substrate) and an additional contact substrate forming the interface between the signal wires and the multiplexer substrate. The pixel stack itself is located at the front of the module. The arrangement of the stack components including pixels, stressing pistons, insulating shims and spherical segments used to compensate for uneven and non-parallel pixel surfaces is illustrated in the exploded view. The arrangement of the individual components in the pixel stack is identical to the one used in the PACS arrays. 13 The sole difference lies in the use of a solid "stack divider" (see Figure 1 ) to mechanically separate the stack into two sections of 16 pixels each. All mechanical issues resulting from the increased numbers of pixels thereby are effectively reduced to levels successfully resolved during the development of the 16 pixel PACS modules. The pixel stack is mounted inside a highly reflective, gold coated integrating cavity and is covered by a fore optics of feed horns forming optical concentrators. Mechanical stress onto the stack is applied by two stressing screws on either side of the stack. The module body is designed to form cantilever-type stressing springs to provide controllable and near-constant stress levels, that are virtually independent of small variations in the length of the pixel stack.
MODULE DESIGN
The pixels are mounted between two CuBe pistons that provide electrical contact to ground and to the bias voltage. The grounding pads are in direct contact with the module housing, which in turn is electrically connected to ground. The bias pads, on the other hand, are connected to the input channels of the cryogenic read-out Figure 1 . Design of the 32 pixel stressed Ge:Ga module prototype proposed for the SAFARI instrument. The small insert shows the assembly of the individual components of the stack. electronics (CRE) by 25 µm gold wires. As the individual signal wires need to be routed through the module wall, thin sapphire tubes are used to ensure electrical insulation between the wires and the module housing. This design enables the first stage of the read-out electronics to be moved very close to the detector pixels and thus the use of very short signal wires. This design optimization ensures minimal stray input capacitance which should result in an improvement in the noise performance of a factor of 2 over the PACS detector design.
A total of eight cryogenic read-out chips, each carrying four input channels, are mounted on a common CRE substrate in close proximity to the pixel stack. Between the CRE substrate and the contact substrate, the wires for the integrated signals and the wires carrying the supply voltages as well as digital signals required for the operation of the CREs are routed through grooves in the detector module forming wire guides. These wire guides minimize the susceptibility to microphonics. Constantan wires with a diameter of 70 µm are used to connect the contact substrate and the multiplexer substrate. The multiplexer substrate carries the two stage multiplexer electronics, with a total multiplexing ratio of 32:1. A capton-insulated ribbon cable glued to the multiplexer substrate is used to contact the multiplexed signal as well as the voltage supply and logic signal wires to a micro sub-D connector (ribbon cable and connector are not shown in the figure). Connectors from all detector modules form -via a distribution box -the electrical interface of the detector module to the cryo-harness of the satellite.
The very tight thermal budgets of the temperature stages provided by the SPICA satellite necessitates the distribution of the dissipative heat loads of the cryogenic electronics. To this end, the multiplexer substrate is thermally insulated from the actual detector module by a set of thin-walled capton tubes. This allows the operation of the multiplexers at a temperature of 4.5 K, while the actual CREs are maintained at 1.7 Kthe operating temperature of the detectors and the temperature of the module body onto which the CREs are mounted. The cryogenic read-out architecture and the multiplexing scheme are discussed in detail in the next section.
It is extremely important to ensure the alignment of the actual pixel stack along a straight line at all times. Any deviation would lead to non-uniform stress in the individual pixels and consequently to an uneven distribution of the wavelength response along the stack. In the most extreme case this can even cause breakage of individual pixels resulting in the collapse of the entire stack and the loss of the module. The module is therefore designed to mechanically decouple the front part of the module containing the pixel stack and the actual body of the module the stressing springs. Extensive finite element analysis has been carried out to verify this design. Results for the distribution of the stress (Von Mises) in the module and the displacement are shown in Figure 2 . The figure shows that both stress and displacement are negligible in the section of the module containing the pixel stack.
READ-OUT AND MULTIPLEXING
Detailed measurements of the PACS flight model detectors have allowed to decompose the contribution of individual noise sources to the total noise of the PACS photoconductors. This analysis revealed that at PACS background radiation levels the contribution from the read-out electronics is the dominant noise source for bias voltages up to 65 -70 mV.
14 Optimizing the performance of the read-out electronics is therefore one of the most important aspects of the photoconductor study for SAFARI. Considering also the very limited thermal budgets available at cryogenic temperatures, as well as the demands the photoconductors place on the stability of the bias, three read-out architectures have been identified as the most promising candidates for this study: the direct injection (DI) amplifier, the buffered direct injection (BDI) amplifier and capacitive transimpedance amplifier (CTIA) (Figure 3) . Each of these topologies offers a number of advantages and disadvantages for the proposed array. The DI architecture features very low power consumption, very good noise performance and low complexity, however has very little bias control leading to large variations of bias voltage across the detector pixels. The CTIA architecture, on the other hand, offers excellent bias stability at the cost of high power consumption, high complexity and only moderate noise performance. The BDI, as the third architecture under investigation, is in many ways a compromise between the DI and the CTIA architecture which also reflects in its properties: better bias control than the DI but lower power consumption and better noise performance than the CTIA. As photoconductors exhibit a strong bias dependence in their response, very good bias stability is regarded essential for the operation of these detectors. For an effective evaluation of the properties of each of these topologies, a four channel read-out prototype chip was developed by IMEC in Leuven/Belgium. Each of the four input channels contains all three read-out topologies in parallel. The desired read-out is selected by wire bonding the detector pixel to the respective input. This design allows a very efficient test of all read-out topologies in the same detector module and therefore under identical conditions. Eight of these four-channel read-out chips are used to readout all 32 pixels of the module. As mentioned previously, all CRE chips are mounted on a common CRE substrate in close proximity to the pixel stack (see Figure 1) . Multiplexing of the 32 signals is performed by a separate two-stage multiplexer: eight 4:1 multiplexers are used in the first stage and one 8:1 multiplexer in the second stage (see Figure 4) . The final result of the multiplexing therefore is one single output line. Although a single stage 32:1 multiplexer could have been manufactured we are using this more complex two-stage system to investigate the option of distributing functionalities to even more temperature stages in order to minimize the heat input to each stage. The multiplexed signal is carried via a ribbon cable to a buffer and line driver stage at 4.5 K. The ribbon cable also carries all supply voltages as well as logic/digital signals to drive the multiplexers and the CREs. The signal is further routed via a series of buffers/line drivers on the available temperature stages to the detector control unit (DCU) of the warm electronics. The resulting electrical layout of the module is illustrated in Figure 4 .
ESTIMATED PERFORMANCE
The performance estimates available to-date are based on measurements of the PACS stressed Ge:Ga arrays. The cut-off wavelength of the prototype module is expected to be ∼210 µm with a peak responsivity of ∼45 A/W at 180 µm. The best value for NEP derived for the PACS array was 8 × 10
−18 W/Hz 1/2 , measured at the typical PACS background (2.4 × 10 −15 W). As the dominant noise contribution of the PACS photoconductors originates from the cryogenic read-out electronics, a significant improvement in the detector noise performance is expected with optimized CREs. Although the sensitivity required for background limited performance of the SAFARI spectrometer can not be reached realistically, the ultimate development goal for the stressed photoconductor array is an NEP of 1 × 10 −18 W/Hz 1/2 .
TEST SETUP
The extremely low infrared background radiation expected for the cryogenic telescope of SPICA places very high demands on the actual design of the test setup. Special care must be taken to avoid light leaks that allow ambient radiation from warmer components to enter the test setup. The design also has to provide high internal stray light suppression in order to guarantee a well-defined and predictable illumination of all pixels in the detector module. Figure 5 shows the design of the detector test optics. The test setup is mounted inside a cryostat originally designed for testing the ISO SWS instrument and later re-used for testing the detectors of PACS. Much of the Dewar content has been modified or re-designed to accommodate the larger 32 pixel SAFARI array. The detector test optics is designed to simulate the SAFARI optical train from the last pupil to the Ge:Ga detector arrays and provides a homogeneous beam illuminating all light cones of the 32 pixel module. The main element of the test setup is a light-tight housing comprised of a set of three folding mirrors and a number of stray-light baffles. The test system does not contain any attenuation (or any other) filters. In this way we can avoid some well-known problems associated with the use of optical filters such as the uncertainty of cold transmission curves and the actual filter temperature as well as multiple reflections between filter stacks, making the flux calculations more reliable.
The housing consist of two half sections: the upper and the lower shell which have a circumferential set of double tongue-and-groove interface, effectively blocking any direct light path into the housing. In addition, all fastening elements used in the test optics are either outside of the housing or mounted in blind holes to avoid any light leaks. The actual detector module is mounted inside a separate box that is attached directly to the housing of the test optics. The same design criteria are applied for the detector housing to provide a light tight setup. All elements discussed so far are mounted on the 4.2 K work surface of the cryostat. An additional 1.7 K cold finger connected to a pumped liquid helium reservoir provides cooling for the detector module. The module is mounted on a thermally insulated mounting structure. The 1.7 K cold finger is passed through the wall of the detector box via a light-tight, thermally insulated feed-through assembly. A temperature controlled blackbody source is used to provide homogeneous illumination of the detector modules at a level comparable to the background radiation expected in SAFARI. The temperature of the blackbody can be regulated between 4.2 K and 300 K with a stability of about 1 mK. A calibrated Ge temperature sensor is used as input for the temperature controller. The total signal flux on the detectors can be modulated by an additional thermal radiation source located on the backside of one baffle wall. This source is used for measurements of the transient detector response. Finally the test setup also includes a computer controlled shutter used for reference measurement and to assist dark current measurements.
DEVELOPMENT STATUS
All components of the prototype have been manufactured and delivered. The assembly of the pixel stack has been completed, with the stack successfully stressed to the final value of 500 N/mm 2 . As the actual stressing the pixel stack is considered to be the most critical aspect of this assembly procedure, this can already be regarded as proof of concept, and is the verification of our ability to manufacture and assemble a 32 pixel stressed Ge:Ga module. The four-channel/three topology CRE prototype circuits, as well as the the 4:1 and the 8:1 multiplexers have also been manufactured and delivered. Both circuit types are bonded onto their respective electronics substrate. Assembly of the cold electrical components and interconnecting the individual pixels to the CRE circuits has started. Bread-board testing of the CRE circuits at room temperature will begin shortly. These tests will also include a full functional test of the CRE circuits. All warm electronics required for operation and read-out of the stressed module is complete and ready for functional tests of the CRE circuits. All components of the cryostat and the test structure have been manufactured and assembled. First tests of the prototype module at operating temperature will start immediately after completion of module assembly. In the current schedule this will be mid-to end-July 2010.
SUMMARY
The photoconductor development group has investigated the feasibility of a large format stressed Ge:Ge array for the SAFARI. With the manufacture of a full scale prototype module we have shown that assembling and stressing a 32 pixel linear stressed module is feasible. We have now developed the technology required to manufacture far-infrared arrays for the 110 to 210 µm waveband with up to 32 × 32 pixels. The prototype module has three selectable read-out architectures used to evaluate and optimize the detector noise performance. In addition, a two-stage multiplexer has been developed to distribute the dissipative heat load on the temperature stages provided by the satellite. Aware of the fact, that stressed photoconductors will most likely not be able to reach the required sensitivity for background limited performance on SAFARI, the ultimate development goal for the stressed photoconductors still is an NEP of 1 × 10 −18 W/Hz 1/2 . Although we are not able to provide test results to finally verify our design, we still feel that the maturity of the devices makes them a valuable competitor in the detector down selection process for SAFARI.
